In vitro studies on the mechanical strength of 70/30 poly(L,DL-lactic acid) (70/30 PLDLLA) cages.
Resorbable implants have most extensively been used in oral, maxillofacial, and limb surgery, but their application in the spine is less developed. The main reason is that the spine is subjected to relatively large amplitudes of static and dynamic loading: resorbable polymers not only have limited strength as compared with metals, but it is also believed that they degrade faster under such conditions. 1, 2 More recently, however, polymer-based resorbables have demonstrated strength and degradation characteristics, which appear to meet the physiologic and biomechanical requirements of the spine. 3, 4 The proof of concept for resorbable cages was provided with a 4-year follow-up study in goats, using a pure poly(L-lactic acid) (PLLA) which had completely been resorbed without adverse tissue reactions, leaving a solid vertebral fusion of living bone. [5] [6] [7] [8] [9] Although the usage of PLLA proved successful in these animal studies, currently most resorbable cages are made of 70/30 poly(L,DL-lactic acid) (70/30 PLDLLA). 10 -15 Although PLLA is a semicrystalline polymer, 70/30 PLDLLA is amorphous and presumably more biocompatible (for reviews on polylactides, see Refs. 4, 16 ). Therefore, subsequent to our animal studies on PLLA cages, we also performed goat experiments using 70/30 PLDLLA cages. 17, 18 Cages of 70/30 PLDLLA were produced with the same geometry as those of PLLA in the previous studies, and they were tested before implantation. Also real-time degradation studies were performed, which showed that mechanical strength of the cage would remain higher than the yield strength of a goat lumbar spinal segment 19 for a period of at least 7 months (Figure 1 ). Nevertheless, all 70/30 PLDLLA cages in our goat study showed plastic deformation and microcracks after a follow-up of only 3 months. 18 After 6 months, the deformation of the cages and the number of cracks had increased further. Presumably due to a lack of stability, pseudoarthroses had developed in 50% of the cases studied, 20 a result which contrasted strongly with an earlier animal study 21 and the clinical studies mentioned above. 14, 15 To elucidate the mechanism of the observed premature cage failure, we now concentrate on the mechanical behavior of the material. Being a polymer, 70/30 PLDLLA must have nonlinear properties that depend a/o on loading rate, temperature, and humidity. 22 Furthermore, the material will show time-dependent failure under loads below their instantaneous strength. 23 These properties seem to be extremely relevant for polymer implants, but were not quantified for 70/30 PLDLLA thus far. There- fore, the goal of this study is to quantify the time-and temperature-dependent mechanical properties of 70/30 PLDLLA.
Materials and Methods
Materials. Interbody cages were used similar to those described earlier, 6, 20 but without teeth on their rims. 24 The cages were fabricated from commercially available 70:30 poly(Llactide-co-D,L-lactide) raw material (Boehringer, Ingelheim, Germany). The specifications for the raw material included an inherent viscosity of 5.5 to 6.5 dL/g, and residual monomer less than 0.5%. The raw material molecular weight (M w , weight average) was more than 1,000,000 g/mol. All devices were manufactured by MacroPore Biosurgery Inc. (San Diego, CA) using proprietary qualified processes identical to that used in routine manufacturing of commercial Hydrosorb implants. Appropriately sized plugs were injection molded, followed by machining to the final desired shape. The cages used in this study were 10 mm wide, 18 mm long, 10 mm high, and had a wall thickness of 1.5 mm (Figure 2 ). Before sterilization, all samples were placed into standard packaging (Tyvek pouches inside an outer foil pouch). Samples were sterilized by e-beam irradiation using a qualified process and performed by commercial medical device sterilization vendors. The irradiation dose was 26.6 Ϯ 2.0 kGy.
Methods.
Uniaxial compression tests were performed on a servo-hydraulic MTS Elastomer Testing System 831, equipped with an air-circulated chamber for performing tests at controlled ambient temperatures. The cages were compressed between 2 parallel, flat steel plates at loading velocities of 10 Ϫ3 , 10 Ϫ2 , or 10 Ϫ1 mm/s (strain rates of 10 Ϫ4 , 10 Ϫ3 , or 10 Ϫ2 s Ϫ1 ). Friction between the cage and the plates was reduced by applying PTFE tape (3 M 5480, PTFE skived film tape) on the sample ends. Furthermore, the contact area between the discs and the tape was lubricated using a Teflon spray. Cages were tested at 23°C and 37°C. To evaluate the influence of humidity, another group of cages was tested in demineralized water at 37°C after presoaking for 24 hours. As the cage properties were known to be well controlled, 24 only one cage was used for each testing condition.
Long-term failure experiments were performed on the same testing device with the air-circulated chamber. This time, dry cages were compressed at 37°C under load control, applying a constant load of 4.5 kN, 4.0 kN, 3.5 kN, or 3.0 kN. Endpoint of this experiment was the time-to-failure.
Results

Strength Tests
A typical load-deformation curve for a 70/30 PLDLLA cage is shown in Figure 3 . Initially, the compressive load increases almost linearly with the applied deformation, until failure occurs at point S, which marks the strength of the cage, defined as the maximum force the cage can Figure 2 . Design of the 70/30 PLDLLA cages used in the current study. The cages were 10 mm wide, 18 mm long, 10 mm high, and had 1.5 mm wall thickness. In contrast to earlier studies, the cages had no teeth or radiomarkers. The yield strength of a lumbar vertebral segment of a goat is about 3500 N. 19 Points are the average of 2 cages.
bear before failure. After this point the cage collapses catastrophically as lesser load is required for more deformation. The dependence of cage strength S on loading speed, temperature, and humidity is shown in Figure 4 . Generally, the cage appears to be stronger at higher loading velocity, lower temperature, and under dry conditions. The cage strength of 7.1 kN found in an earlier study, 24 determined under a loading velocity of 1.3 mm/min at 23°C (closed dot in Figure 4 ), is commensurate with the results found here. However, decreasing the loading velocity by a factor 10 decreases the cage strength by 0.86 kN; cage strength thus is strongly influenced by loading speed. Increasing the ambient temperature from 23°C (room temperature) to 37°C (body temperature) additionally decreases the cage strength by 1.5 kN, which equals a temperature dependency of 107 N/°C. Wetting the cage before compressive testing decreases the cage strength by another 0.5 kN. The influence of temperature and humidity is equal for all loading velocities.
Long-term Failure Experiments
Time-to-failure was determined for dry cages at 37°C under various compressive forces below its instantaneous strength. Time-to-failure was generally short and strongly dependent on the applied load ( Figure 5 ). Under a compression of 4.5 kN, the cages collapsed only after 2 to 5 minutes of loading. A load of 4.0 kN was withstood for 7 to 10 minutes. If the yield strength of a goat lumbar vertebral segment (3.5 kN 19 ) was applied, the cages failed after 1 to 3 hours. A load of 3.0 kN only could be born for about 1 day. The data are well fitted by a straight line in a single logarithmic plot: the slope of the line indicates that a decrease of the static load by 1 kN increases the time-to-failure by 2 decades of time (factor 100). Reversely, increasing the compressive force on the cage by 1 kN decreases time-to-failure by a factor 100.
Discussion
Resorbable polymers have been used clinically for more than 3 decades, but it is only recently that they are used in spinal surgery.
3,10 -15 An important reason is that the strength of resorbable polymers is much lower than the strength of traditional spinal implant materials, and they appear to degrade faster under mechanical loading conditions. 1,2 Nevertheless, more recently developed polymers, in particular (copolymers of) polylactides, seem to meet the mechanical requirements of spinal usage to such extent, that clinical application becomes appropriate. 3 Motivated by early failures of polylactide cages in animal studies, 18 we considered the possibility that cage failure could be because of the nonlinear, timedependent nature of polymers in general, and 70/30 PLDLLA in particular. Therefore, we quantified the influence of loading rate, temperature, and humidity on the instantaneous cage strength, and we measured the timeto-failure of cages compressed statically below their instantaneous strength. It was found that 70/30 PLDLLA showed strong dependency on the loading rate and environmental conditions (temperature and humidity), and that 70/30 PLDLLA cages fail after relatively short periods of time under loads well below their instantaneous strength. The 70/30 PLDLLA thus shows typical polymer behavior, and its dependency on loading rate and temperature appears to be large as compared with more common, nondegradable polymers like polycarbonate. 23 It is important to emphasize, however, that the time- dependent behavior of the material is solely because of the properties of the polylactide as a polymer and not the fact that it is degradable: the experiments in this study were performed on too short a time scale (less than 1 day) for the hydrolytic degradation to have influence. As reported earlier, degradation only affects the mechanical properties of 70/30 PLDLLA after a period of about 6 months. 24 On the short-term studied here, 70/30 PLDLLA thus behaves as a polymer. The reason for its time-dependent behavior lies in its supramolecular structure: a vitrified amorphous mass comprised of long, covalently bonded chains with random conformations. Polymers thereby maintain to some extent their behavior as a fluid. Stress, temperature, and humidity induce a state of enhanced molecular mobility that stimulates a dynamic rearrangement of molecular segments, resulting in a plastic flow. At a critical level of accumulated plastic strain, the rate of deformation strongly accelerates and a localized plastic deformation zone is initiated-catastrophic failure occurs ( Figure 3) .
One limitation of this study was the limited number of 70/30 PLDLLA cages available for the instantaneous strength experiments: only 1 cage was used per testing condition (temperature, loading rate, humidity) and 2 for each static loading experiment. Nevertheless, and thanks to the reproducibility of the cage properties, 24 the typical behavior of the polymer could be established and quantified, and the data points are mutually consistent. A second limitation of the study was that only one single loading condition was used. Clearly, in vivo the cages also should sustain torsion and shear forces, but it is well established that axial compression is the dominant loading condition also in quadrupeds. 25 Another limitation lies in the static loading experiments: determining timeto-failure for lower compressive loads would require considerably longer occupation times of the testing devices than practically feasible. However, the logarithmic relationship between static compression load and timeto-failure was clearly present for the relatively short-term static loading experiments of this study. Furthermore, it has been well described in literature that this behavior may be extrapolated to longer periods of time. 22, 23, 26 In this context, Figure 5 shows that for a survival of 3 months in a goat (37°C in wet conditions) a maximum load of only 1.5 kN may be applied. This sharply contrasts with the assumed cage strength of more than 6 kN for at least 6 months, as reported earlier. 24 Furthermore, it is as yet unclear how a decrease of the molecular weight due to hydrolization may affect the timedependent behavior of the material.
Extrapolation of the time-to-failure to a period of 3 months gives an allowed compressive load of about 2 kN ( Figure 5 ). This is more than the estimated loads in the goat lumbar vertebrae 27 and still cannot explain failure of the cages after 3 months 17, 18, 20 : in a small pilot study, the static load during walking was measured in the order of 200 N, with maximum peak loads while jumping of around 900 N. 28 However, dynamic loading already may decrease the expected life time, 28 and also other factors may play a role in early implant failure. One is the influence of environmental fluid, which decreases instantaneous as well as long-term strength by about 0.5 kN. Furthermore, the cages used here differ from those used in the earlier goat studies, as the latter had sharp teeth on their rims, whereas the current cages were flat (Figure 1) . Sharp edges between the teeth function as notches, which may raise the mechanical stresses locally by a factor of 3 or more. 22 A third factor that might affect long-term strength are load components other than axial compression: as described earlier, 25 axial compression must be the main loading component in the lumbar spine, but axial torsion and shear also must apply to some extent. Shear stresses resulting from these loading conditions further increase the local effective stresses, thereby shortening the time-to-failure. More in-depth knowledge on the spinal loading conditions is necessary to obtain better design specifications.
Summarizing, in this study we established strong dependency of the strength of 70/30 PLDLLA cages on loading speed, temperature, humidity, and continuous static loading. This implies that it is difficult to speak of the strength of the implant, even if it is assumed that axial compression is the sole relevant loading condition. Testing conditions may severely affect the outcome of such studies. Mechanical testing protocols for interbody devices, such as ASTM-F2077, prescribe quasistatic dynamic loading at a speed no greater than 25 mm/min. It appears, however, that the lower loading rates are more critical than the higher loading rates. Indeed, long-term failure under static loading-which effectively represents a loading rate of zero-is as yet not considered at all. Therefore, it seems most appropriate to reconsider the standardized testing protocols for spinal implants when these are made of polymers like 70/30 PLDLLA.
Key Points
• The strength of 70/30 PLDLLA strongly depends on loading rate, temperature, and humidity;
• Even under continuous loads well below their instantaneous strength, 70/30 PLDLLA cages fail after relatively short periods of time (time-dependent failure);
• The mechanism of failure is that continuous static loading induces a state of enhanced molecular mobility that stimulates a dynamic rearrangement of molecular segments, resulting in a plastic flow.
• Standards for mechanical testing of implants made of time-dependent materials like polymers should be reconsidered.
